The immunotoxic effect of ochratoxin A (OTA) on the intestinal mucosaassociated lymphoid tissue and its cytotoxic action on the intestinal epithelium were studied in broiler chickens experimentally treated with the toxin. From the 7th day of life, 80 male broiler chickens (Ross 308) were randomly divided into four groups of 20 birds each. The three experimental groups (E1-3) were treated with OTA for 28 days (E1: 50 µg/kg body weight [bw]/day; E2: 20 µg/kg bw/day; E3: 1 µg/kg bw/day) and the fourth group served as control. Histological examination of the intestinal mucosa and immunohistochemical staining for identification of CD4+, CD8+, TCR1 and TCR2 lymphocytes in the duodenum, jejunum and ileocaecal junction were performed, and CD4+/CD8+ and TCR1/TCR2 ratios were calculated. OTA toxicity resulted in decreased body weight gain, poorer feed conversion ratio, lower leukocyte and lymphocyte count, and altered intestinal mucosa architecture. After 14 days of exposure to OTA, immunohistochemistry showed a significant reduction of the lymphocyte population in the intestinal epithelium and the lamina propria. After 28 days of exposure, an increase in the CD4+ and CD8+ values in both the duodenum and jejunum of chickens in Groups E1 and E2 was observed, but the TCR1 and TCR2 lymphocyte counts showed a significant reduction. No significant changes were observed in Group E3. The results indicate that OTA induced a decrease in leukocyte and lymphocyte counts and was cytotoxic to the intestinal epithelium and the mucosa-associated lymphoid tissue, altering the intestinal barrier and increasing susceptibility to various associated diseases.
Acta Veterinaria Hungarica 63, 2015 viridicatum (Elaroussi et al., 2006) . OTA is strongly nephrotoxic (Stoev et al., 2010; Solcan et al., 2013) , hepatotoxic, neurotoxic (Doi and Uetsuka, 2011) , teratogenic and carcinogenic (Clark and Snedeker, 2006) . According to the classification of the International Agency for Research on Cancer (1993), OTA belongs to Group 2B and has a strong immunosuppressive effect. A recent study of human blood mononuclear cells exposed to OTA showed increased levels of reactive oxygen species and 8-hydroxy-deoxyguanasine (8-OHdG), a marker of oxidative stress (Liu et al., 2012) .
The first expression of OTA toxicity is immunosuppression, which may become clinically apparent before nephropathy is manifested, and it is associated with biochemical changes (Aleo et al., 1991) .
OTA toxicity is accomplished through the action of free radicals, the products released by oxidative reactions and lipid peroxidation, which finally lead to cell death (Abdel-Wahhab et al., 2005) . Free radicals play an important role in the alterations of cellular metabolic processes involving enzymes such as superoxide dismutase and catalase. OTA increases membrane lipid peroxidation (Omar et al., 1990) . The polyunsaturated fatty acids of cell membranes and the cellular organelles are very sensitive to the free radical attack. Free radicals can initiate destructive chain reactions that affect lipid membranes, leading to the degradation of their normal structure and functionality (O'Brien and Dietrich, 2005) . Alterations of the structural integrity of membranes can be associated with an increase of various lysosomal and peroxisomal enzymes in soluble cell fractions, followed by degenerative changes of the epithelium.
OTA inhibits protein synthesis by competing with phenylalanine in the aminoacylation of tRNA catalysed by phenylalanyl-tRNA synthetase. This process can affect the integrity of the cell organelle membranes and intercellular junction proteins (Sauvant et al., 2005) .
The intestinal mucosa is the first barrier for various dietary toxins. OTA induces intestinal destructions as reported in both animals and in vitro intestinal models (Schrickx et al., 2006; Maresca and Fantini, 2010) . After ingestion, OTA is partially absorbed by passive diffusion in unionised form through the stomach mucosa. OTA absorption mainly takes place in the proximal third of the jejunum. After absorption, OTA is diffused into various organs through the enterohepatic circulation, bound to serum albumins. Several mycotoxins (deoxynivalenol, OTA, aflatoxin B1) induce apoptosis of intestinal epithelial cells, enabling the uncontrolled penetration of undesirable substances and pathogens (Revajová et al., 2013) . OTA directly or indirectly affects the host immune response and increases susceptibility to infections (Elaroussi et al., 2006) .
The aim of this study was to investigate the influence of OTA exposure on white blood cell subsets, intestinal mucosa-associated lymphoid tissues and the structural changes of mucosae, in order to explain increased susceptibility to infections and decreased productivity.
Materials and methods

Materials used
All solvents, chemicals, solutions and reagents used in the study were of analytical grade (Sigma Chemicals Co.). Antibodies: primary mouse anti-chicken and unlabelled antibody: Southern Biotechnology Associates Antibody, primary; anti-CD4+ (clone CT-4), cat. no. 8210-09; TCR gd (clone TCR-1), cat. no. 8230-01; TCR VB1 (clone TCR-2), and CD8+α (clone CT-8) were provided by Vector Laboratories, USA and diluted with Vectastain Elite. Specific kits for haematology (MS9 Vet) and an Olympus microscope CX 41 for immunohistochemical examinations were used. Ochratoxin A OEKANAL (purity 99.5%, cat. no. 32937) was used.
Ochratoxin A poisoning
Eighty (n = 20/group) Ross 308 male broiler chickens (age: 7 days, body weight: 79.8 ± 0.75 g) obtained from the farm the Faculty were used in the experiment. All birds were reared on sawdust litter, maintained at standard conditions of temperature (26 ± 1 °C during the first week of the experiment and 24 ± 1 °C for the rest of the experimental period) and relative humidity, in a 12-hour light/dark cycle, and fed a balanced pellet diet and having access to drinking water ad libitum, in groups of 20 birds each. The birds of each group were kept in one pen. Analyses by ELISA (Fernandez et al., 1994) showed no detectable levels of mycotoxins (LOD = 2.5 ppb) in the pelleted diet, which had been delivered by the manufacturer as a diet free of mycotoxins.
The chickens were acclimatised to the keeping conditions for one week prior to the experiment and then the experimental groups were treated for a period of 28 days, as follows. Chickens of Group E1 received 50 µg of OTA/kg bw/day, by gavage, diluted in sterilised sunflower oil as eluent; pure crystalline OTA (99.5%) was dissolved in chloroform (1 mg/10 mL) and then mixed with 90 ml sterilised sunflower oil. Group E2 received 20 µg OTA/kg bw/day; Group E3 received 1 µg OTA/kg bw/day; the control group (C) received only eluent, in the same quantity as the experimental ones.
The body weight of the chickens was recorded at T 0 and then on days 7, 14, 21 and 28 of treatment, respectively. Feed consumption was recorded daily for each group (one measurement for the entire group) and the mean/chick was calculated weekly. The feed conversion ratio was calculated for each group at the end of the experiment as grams of feed/grams of body weight gain. Five chickens from each group were euthanised by an overdose of sodium thiopental on days 14, 21 and 28 day of treatment (on days 21, 28 and 35 of life, respectively). Prior to euthanasia, blood samples were withdrawn from the ulnar vein into a vacutainer containing K-EDTA for haematological examination. White blood cell counts (WBC) and the heterophil/lymphocyte (H/Lc) ratios were determined by an MS9 Vet (Melet Schloesing Lab, France) automated cell counter. Differential leukocyte count and the indirect thrombocyte count were determined in MayGrünwald-Giemsa stained blood smears using ×100 magnification.
Histological studies
Samples of the proximal duodenum, jejunum and ileocaecal junction were collected from each euthanised chicken for macroscopic and histological examination. The samples were preserved in 10% buffered neutral formalin solution (pH 7.4), embedded in paraffin, cut into sections of 5 μm, then stained with haematoxylin-eosin and Gömöri trichrome stain. Four samples from each chicken were randomly evaluated (10 fields at a magnification of × 40). Each section was used for measuring the height of the typical villi from the crypt mouth to the villus tip and the depth of the associated crypts from the crypt mouth to its base using an Olympus CX41 optical microscope (Hamburg, Germany). The ratios of villus height to crypt depth were calculated.
Immunohistochemistry (IHC)
Fixed gut samples were trimmed, embedded in paraffin and sectioned at 5 µm thickness. The sections were de-waxed and epitopes were revealed by heating in 10 mmol citric acid buffer (pH 6) for 10 min at 95 °C in a microwave oven and then left at room temperature for 20 min. Then the slides were washed twice in PBS (pH 7.5) for 5 min. Tissue sections were incubated with goat blocking serum, then with primary mouse anti-chicken antibodies and unlabelled CD4+, TCR gd (clone TCR-1), TCR VB1 (clone TCR-2) and CD8+α (clone CT-8) antibodies (Southern Biotech), and then diluted 1:100 at room temperature in a humid chamber for 1 h. After being washed with PBS, slides were incubated with the secondary antibody, HRP goat anti-mouse IgG, for 1 h in a humid chamber at 4 °C, then washed with PBS and incubated with ABC Kit for 30 min in a humid chamber, then washed with PBS and incubated with DAB substrate for 5 min and counter-stained with Harris haematoxylin, clarified in xylene and mounted.
TCR1, TCR2, CD4+ and CD8+ T cells were counted using light microscopy (magnification: × 900) in 10 randomly selected villi from the immunostained sections of the duodenum, jejunum and ileocaecal junction. The average number of cells per villus was calculated from a total of 50 villi (10 villi per chicken and 5 chickens per group). The ratios of CD4+/CD8+ T cells were also calculated.
Statistical analysis
The values were subjected to multivariate analysis of variance. Inter-group differences were assessed using Tukey 'post hoc' test (Szabó et al., 2014) . The minimum level of significance was fixed at 0.001. 
Results
Variation in chicken weight
The weights of chickens in Group E1 were highly significantly smaller than those of the control chickens. The body weight values of chickens in Group E2 were situated between those of the chickens in Groups E1 and E3, whereas the weights of chickens in Group E3 were not significantly different from those of the control birds (Table 1) . Feed conversion was clearly poorer in Groups E1 and E2 (Table 2) .
Haematological analysis
A significant decrease in thrombocyte and total leukocyte counts was observed in chickens of Group E1 after day 14 and in Group E2 after day 21 of the experiment, compared with the control chickens. This decrease continued with the chickens' advancing age and days of treatment (a significant decrease was noted in Group E1 after days 21 and 28 of the experiment). There was also a significant decrease of the H/Lc ratio in Groups E1 and E2 on day 14, followed by a considerable increase on days 21 and 28, as compared to the control group. Group E3 was the only experimental group in which there were no significant changes in total and differential leukocyte and thrombocyte counts (Table 3) .
At days 14 and 28 of the experiment the chickens of Group E1 showed a significant decrease in the height of the duodenal villi. Villus height/crypt depth ratio in the duodenum decreased with the increase in exposure length and OTA dose, except in the control group and Group E3. Similar changes were found in the jejunum and at the ileocaecal junction (Table 4) .
The intestinal mucosa of control chickens was physiological throughout the experiment (Fig. 1a) . OTA cytotoxicity was observed after one week of exposure in Groups E1 and E2 and after 4 weeks of exposure in Group E3. The simple prismatic epithelium with brush border was modified, depending on the OTA dose and the exposure time. Epithelial cells were higher, sometimes without brush border, with big and multiple nuclei rich in dispersed chromatin.
Areas of necrosis were present in the intestine of chickens of Group E1. In the altered zones the epithelium seemed to be detached from the basal membrane, and showed a spongy structure due to the numerous small vacuoles that occurred mainly in the epithelial cells. Lymphocytes were observed in the epithelial layer and also in the lamina propria (Fig. 1b) . The lamina propria contained fibroblasts, connective fibres, blood capillaries and large vacuoles. The intestinal villi of the jejunum in Groups E1 (Fig. 2a) and E2 had a larger diameter than those in the control group and Group E3 (Fig. 2b) . The glands of the lamina propria in the jejunum and at the ileocaecal junction were altered, showing numerous cell divisions and the presence of intraepithelial and periglandular lymphocytes (Figs 3a and 3b) . Modified villi alternated with some apparently normal ones.
Altered villi became obvious after 14 days of exposure and their number progressively increased with the OTA dose and the duration of exposure to OTA in Groups E1 and E2.
A significant decrease in the numbers of TCR1, TCR2, CD4+ and CD8+ intraepithelial lymphocytes as a consequence of exposure to OTA was observed in the duodenum and jejunum as well as at the ileocaecal junction (Tables 5 and 6 ).
Histological examination demonstrated high numbers of CD4+ and CD8+ lymphocytes in the lamina propria, especially after 28 days of exposure to OTA in chickens of Groups E1 and E2. Intraepithelial lymphocytes of the lamina propria showed nuclear signs of cell death such as pyknosis and cortical hyperchromatosis.
Discussion
OTA administration caused a marked decrease in body weight and an increase in the feed conversion ratio in chickens from Groups E1 and E2. The results of this study are in accordance with the findings of another research, in which the feed intake of broilers fed diets contaminated with 0.4 and 0.8 mg OTA/kg of feed was lower than that of the control, whereas the feed conversion ratio was 10-20 per cent higher than in the control group (Elaroussi et al., 2006 , cited by Battacone et al., 2010) .
The age-related haematological profile observed in the control group of chickens in this study has been reported by Wakenell (2010) .
OTA in the diet caused dose-and time-dependent changes in the leukogram and in thrombocyte counts. A myelosuppressive effect was demonstrated after 14 days of exposure in chickens treated with the highest dose of OTA (Group E1), concomitantly with an increase in the specific immune response (increase of lymphocyte counts). The pattern of the leukogram with a high H/Lc ratio on days 21 and 28 in the same groups demonstrated the immunosuppressive effect of OTA, suggesting that OTA is a chronic immunosuppressive agent. Such a property of mycotoxins has also been reported by Janaczyk et al. (2006) and Shlig (2009) in their studies on ochratoxin and aflatoxin, respectively. The H/Lc ratio quantifies the balance between the nonspecific, fast-acting defence provided by heterophils and the antigen-specific, slower-acting defence by lymphocytes and is regarded as a general biomarker relevant to immune function in poultry (Talebi et al., 2005) . Fig. 2a . Jejunal villi of a chicken exposed to OTA for 21 days (E1). Mucosal epithelium with giant cells (black circle), without brush border and numerous small vacuoles (black star). Epithelium detached from the basal membrane; lymphocytes in the lamina propria (black arrow) and in intraepithelial location (black square). IHC staining for LT CD8+. Bar = 50 µm Fig. 2b . Jejunal villi of a chicken exposed to OTA for 21 days (E3). Mucosal epithelium without brush border. CD8+ lymphocytes in intraepithelial location (black arrows) and in the lamina propria (black circle). IHC staining for LT CD8+. Bar = 100 µm Fig. 3a . Villi of the ileocaecal junction of a chicken exposed to OTA for 28 days (E2). TCR1 lymphocytes in intraepithelial location (black circle) and in the lamina propria (black arrow). IHC staining for LT TCR1. Bar = 100 µm Fig. 3b . Lamina propria of the mucosa at the ileocaecal junction in a chicken exposed to OTA for 28 days (E2). TCR2 intraepithelial lymphocytes of the lamina propria (black arrow). IHC staining for TCR2. Bar = 100 µm
The intestinal mucosa represents the first barrier to various dietary toxins. OTA induces intestinal destruction reported in both animals and in vitro intestinal models (Schrickx et al., 2006; Maresca and Fantini, 2010) . In vivo it causes intestinal epithelial cell apoptosis, enabling the uncontrolled penetration of undesirable substances and pathogens (Revajová et al., 2013) , and thus predisposing to intestinal infections. OTA had harmful effects on chickens even in concentrations as low as 0.05-2 ppm. Intestinal inflammation, diarrhoea and increased bacterial translocation occurred after OTA exposure. These effects are followed by impaired epithelial barrier function resulting in changes in the intestinal mucosa (Ranaldi et al., 2009) .
In this experiment, the cytotoxicity of OTA was expressed in modifications of villus architecture, consisting of shortened villi, hyperplastic crypts and the appearance of prismatic epithelium with altered brush border. Architectural changes of the mucosal lesions are initiated by an increase in the number of intraepithelial lymphocytes. Crypt hyperplasia and elongation is a process that precedes the compensatory shortening of villi (Oswald et al., 2003) . Crypt elongation may be caused by the interaction of stromal cells with the epithelium, by the secretion of various cytokines and the growth factors released by inflammatory cells. In advanced stages of the process, matrix metalloproteinase and tissue inhibitors may play an important role in the development of changes in mucosal architecture (Vandenbroucke et al., 2011) . Crypt hyperplasia is the next architectural change in the evolution of mucosal lesions initiated by the increased number of intraepithelial lymphocytes (Grenier and Applegate, 2013) . The local immune system is also damaged by mycotoxins, resulting in increased susceptibility to infections. Previous studies have shown that OTA induced degenerative and necrotic changes and desquamation of the epithelium in the duodenal and jejunal mucosa, increasing the susceptibility to coccidiosis (Stoev et al., 2002; Koynarski et al., 2007) . OTA also increased the susceptibility to, and aggravated the clinicopathological picture of, salmonellosis (Elissalde et al., 1994; Fukata et al., 1995; Gupta et al., 2005; Gupta et al., 2008) and colibacillosis (Kumar et al., 2003; Kumar et al., 2004) . Either directly or indirectly, OTA affects the host's immune response and increases susceptibility to infections (Elaroussi et al., 2006) . At higher levels of aflatoxin exposure (1 mg aflatoxin B1/kg of diet), Kumar and Balachandran (2009) observed catarrhal enteritis with lymphocytic or mononuclear cell infiltrations in the intestine of broilers fed the toxin contaminated ration for 4 weeks. Awad et al. (2013) observed that the feeding of broilers with wheat naturally contaminated with deoxynivalenol (5 mg of DON/kg) for 21 days decreased the absolute and relative weights of the small intestine and caused histological alterations (shortening and thinning) of the intestinal villi, especially in the duodenum. Fairchild et al. (2005) found that the feeding of both fusaric acid and diacetoxyscripenol to turkey poults for 18 days decreased enterocyte height at mid-villus by 59%, strongly indicating that these mycotoxins are capable of altering digestive and absorptive functions. On the other hand, Sklan et al. (2003) reported that the feeding of T-2 toxin or diacetoxyscripenol to poults at levels up to 1 ppm for 32 days did not depress but enhanced growth and did not influence antibody production but caused changes in small intestinal morphology, especially in the jejunum where the villi became shorter and thinner. These changes appear as an indirect response to dietary trichothecenes.
T-lymphocyte subpopulations in the intestine depend on the age, the genetic heritage and the intestinal region. These cell populations indicate the cellular maturity of the mucosa-associated lymphoid tissue (Lillehoj and Chung, 1992) . The number of these cells in birds could provide information about susceptibility or resistance to infectious diseases. The numbers of TCR1, TCR2, CD4+ and CD8+ intraepithelial lymphocytes generally decreased in chickens of Groups E1 and E2, but the decrease in the numbers of CD4+ and CD8+ was not significant throughout the experiment. IHC staining for CD4+ seems to be the best method for assessing the number and distribution of intraepithelial lymphocytes in normal villi. Intraepithelial lymphocytes are active components of the mucosal immune system, the number of which increases under the influence of various antigens from the intestinal lumen (microorganisms or toxic agents). Large numbers of CD4+ lymphocytes were observed in the duodenum and at the ileocaecal junction because of local stimulation by various antigens and in relation to age and associated antigenic aggressions (Hudacko et al., 2013) . Cholera toxin primarily acts through augmenting CD4+ T cell priming, leading to a strong induction of antigen-specific T cells of both the T helper Th1 and Th2 subtypes (Hörnquist et al., 1996) . CD4+ and CD8+ lymphocytes from the intestinal villi act as effector cells initiating immediate mucosal immune response to various antigens (Shi et al., 1999) . Oral administration of protein antigen is thought to induce suppressive T cells that most often have been found to express CD8 (Hörnquist et al., 1996) . In the present experiment, similar lesions were observed in the jejunum after 21 days of exposure to OTA. The increase in CD8+ lymphocytes might be linked with susceptibility to intestinal infections associated with malabsorption (Kunisawa et al., 2007) .
The immune response is severely affected in the absence of CD4+ cells (Hörnquist et al., 1996) . CD4+ cells have an important role in the generation and maintenance of cytotoxic CD8+ and memory cells (Yo-Ping et al., 2011) . The CD4+/CD8+ balance influences the immune response and the pathogenesis of some diseases. CD8+ T cells may exert local mucosal down-regulation of the intestinal immune responses (Hörnquist et al., 1996) .
The increased number of CD4+ intraepithelial lymphocytes, the epithelial destructions and the high number of lymphocytes in the lamina propria observed in this experiment in the duodenum and at the ileocaecal junction of Group E1 chickens after 28 days of exposure to OTA were signs of intestinal inflammation. Immunotoxic effects were noticed in chickens of all the three experimental groups administered increasing doses of OTA. The reduction of the number of intraepithelial lymphocytes seen in the lamina propria in this study was the consequence of the cytotoxic effect. The general reduction in the T-lymphocyte population of the intestinal epithelium indicated decreased local immunity and increased susceptibility to intestinal diseases.
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According to the study of Lillehoj and Chung (1992) , the CD8+ lymphocyte counts increase with age. In the present experiment, chickens were exposed to OTA in a period of immaturity of the digestive mucosa-associated lymphoid tissue. OTA initially produces changes in the enterocytes, which promote the penetration of antigens. Depending on their nature different classes of lymphocytes are attracted. The influx of CD8+ lymphocytes into the jejunum as a result of the presence of bacteria in the intestinal lumen was reported by Songserm et al. (2002) . A sharp increase in intraepithelial CD8+ lymphocytes in the jejunum was detected after infection with E. acervulina (Lillehoj and Bacon, 1991; Lillehoj and Trout, 1996) .
In conclusion, the exposure of chickens to OTA for a period of 28 days decreased the weight of chickens and the counts of leukocytes, lymphocytes and thrombocytes, altered the mucosal architecture of the duodenum, jejunum and ileocaecal junction, caused a general decrease in the intestinal TCR1, TCR2, CD4+, CD8+ lymphocyte populations and induced enterocyte apoptosis. The cytotoxic effect was also indicated by the replacement of the normal epithelium with a poorly functional stratified epithelium. The architecture of the intestinal mucosa was modified, resulting in a decrease of the intestinal villus height to crypt depth ratio. The changes induced in chicken weights, leukocyte counts in the peripheral blood circulation and lymphocyte populations in the intestinal mucosa may enhance the susceptibility of chickens to various infectious diseases.
